Introduction
There have been few studies devoted to the development of ion-selective electrodes based on the hydrogen-bonding interaction between host and guest molecules [1] [2] [3] [4] [5] [6] [7] [8] . Typical examples are the use of hydrogen-bonding ionophores with urea or thiourea units, which were successfully employed to produce anion-selective electrodes, including those specific to nucleotides, Cl -, SO 4 2-, and acetate [2] [3] [4] [5] . Hydrogen-bonding solvent mediators have also been used to construct certain specific organic ammonium ion-selective electrodes [6] [7] [8] .
Notably, phosphate esters, such as tris(2-ethylhexyl) phosphate (TEHP), showed high selectivity toward primary organic ammonium ions through the interaction between NH 3 + groups of the organic ammonium ions and the negatively polarized oxygen atoms in the P=O groups of phosphate esters [7, 8] .
Mexiletine, an antiarrhythmic drug, is one of the primary amines that needs monitoring in terms of its concentration in body fluids [9, 10] . The chemical structure of mexiletine, together with those of other antiarrhythmic drugs tested in this study, is shown in Fig. 1 . To develop this electrode, the combination of an ion-exchanger, sodium tetrakis[3,5-bis(2-methoxyhexafluoro-2-propyl)phenyl]borate (NaHFPB), and a solvent mediator, o-nitrophenyl octyl ether (NPOE), was effective, because the mexiletine electrode made with such a combination showed good selectivity toward Na + present at high levels in body fluids [10] . However, the electrode made using NPOE responded to pharmaceutical substances in terms of their lipophilicity, with more lipophilic ions inducing serious interference with the 4 electrode's response [10] . This was a general feature of ion-selective electrodes based on the combination of ion-exchangers and solvent mediators [11, 12] . Thus, we were particularly interested in examining the effect of solvent mediators containing a P=O group, such as TEHP, expecting to induce a strong interaction with the NH 3 + group of mexiletine. We used a series of phosphorus compounds shown in Fig. 2 . Among them, S,S,S-tris(2-ethylhexyl) phosphorotrithioate (5) showed the highest sensitivity to mexiletine in phosphate-buffered physiological Electrode system A PVC matrix-type ion-selective membrane was prepared using procedures described previously [6, 7, 10] . The components of the sensor membrane were NaHFPB (0.5 mg), solvent mediator (20 mg), and PVC (30 mg). Compared to the traditional ratio for sensor membranes using about 66% (w/w) solvent mediator and about 33% (w/w) PVC [6, 7, 10, 11] , the amount of PVC was increased in this study, which improved remarkably the electrode's sensitivity as will be discussed in the results and discussion section. The materials were dissolved in tetrahydrofuran (about 1 mL) and poured into a flat Petri dish (16 mm in diameter) made by Asahi Seisakusho (Ohtake, Hiroshima, Japan Evaluation of the electrode's performance
The detection limit was defined as the intersection of the extrapolated linear regions of the calibration graph [6, 7, 10, 20] . The selectivity coefficients of the electrode ( ) were determined by a separate solution method [6, 7, 10, 20, 21] using respective chloride salts, except for disopyramide and bretylium, for which we used phosphate and tosylate salts, respectively. The concentrations were adjusted to 0.01 mol L -1 . In order to obtain the selectivity coefficients under physiological conditions, we adjusted the pH of the solution to 7.4 by adding a small amount of NaOH. The coexistence of a minute amount of NaOH little 
High-performance liquid chromatography
Mexiletine concentrations in the saliva samples were also determined by means of high-performance liquid chromatography with several modifications of a previous method [15] . The system consisted of a Shimadzu SCL-6B system controller (Kyoto, Japan) equipped with an LC-9A pump, an SPD-6A UV spectrophotometric detector, and a C-R4A chromatopac integrator. The samples Results and discussion 9 Response characteristics of the electrodes We previously used NPOE as a solvent mediator to construct a mexiletine-sensitive membrane electrode [10] . This electrode had markedly suppressed responses to inorganic cations, such as Na + and K + , but suffered marked interference from many lipophilic antiarrhythmic drugs [10] . The interference by lipophilic amines is characteristic of an ion-selective electrode prepared with an ion-exchanger [10] [11] [12] 14] . However, we recently found that some solvent mediators with hydrogen bond-forming ability can strongly enhance the response to certain specific organic ammonium ions, even in combination with an ion-exchanger [6] [7] [8] . Notably, phosphate esters, such as TEHP (1), showed high selectivity toward primary organic ammonium ions through the interaction between NH 3 + groups of organic ammonium ions and the negatively polarized oxygen atoms in the P=O groups of phosphate esters [7, 8] . Thus, we first paid attention to whether TEHP would act as an effective solvent mediator for mexiletine. Fig. 3 shows a comparison of two solvent mediators, TEHP and NPOE, based on potentiometric ion selectivity coefficients. An electrode made from TEHP showed high selectivity toward mexiletine, with little interference by lipophilic quaternary ammonium ions, such as (C 3 H 7 ) 4 N + ; however, the ability of TEHP to discriminate inorganic ions, such as Na + , was much lower than that of NPOE. Thus, it is important to improve the ability to discriminate especially between Na + and mexiletine, because we wish to use the electrode to determine levels of mexiletine under physiological conditions with a high concentration of NaCl. 10 To obtain a highly sensitive mexiletine electrode, we first considered suppressing the transfer of mexiletine in the PVC membrane from the inner electrolyte solution to the outer surface of the PVC membrane, because such a transfer of an analyte ion is now known to be greatly affected by the sensitivity of the electrode [25, 26] . To suppress this transfer, we increased the amount of PVC in the sensor membrane to increase the membrane's thickness and hardness. Thus, we chose 30 mg as the amount of PVC for further studies and the components of the sensor membrane were as described in the experimental section.
Then, we examined the influence of substituents bound to P=O groups using compounds 1-4, shown in Fig. 2 , because the basicity of the oxygen atom in the P=O group is known to be greatly affected by the replacement of an alkoxy group with an alkyl group [6, 27] . Thus, increasing the number of electron-donating alkyl substituents would produce a more negative charge at 11 the oxygen atom in the P=O group, making a stronger interaction with the NH 3 + group of organic ammonium ions including mexiletine. The response characteristics of these electrodes are summarized in Table 1 , along with those of S,S,S-tris(2-ethylhexyl) phosphorotrithioate (5) which will be discussed later. As expected, the sensitivity of electrodes improved in the order 1 < 2 < 3 < 4, as the number of alkyl substituents bound to the P=O group increased. This suggested that increases in the number of electron-donating alkyl substituents produced a more negative charge at the oxygen atom in the P=O group, making a stronger interaction with the NH 3 + group of mexiletine. To obtain more detailed information on the electrode made using 4, we evaluated the selectivity coefficients for various antiarrhythmic drugs, shown in Fig. 1 , as well as organic and inorganic cations examined in Fig. 3 . As shown in Fig. 5 , the electrode based on 4 exhibited the highest selectivity toward mexiletine among various antiarrhythmic drugs. However, the electrode suffered marked interference from H + . This indicated that an increase in basicity also promoted the function of 4 as a H + receptor.
Then, we were interested in examining S,S,S-tris(2-ethylhexyl) phosphorotrithioate (5). This solvent mediator was expected to suppress the interference from H + and to enhance the response to mexiletine, because the presence of a sulfur atom gave weaker basicity than 4 and also increased the response to lipophilic primary organic ammonium ions [28] . It was found that the electrode made using 5 showed the highest sensitivity to mexiletine in phosphate-buffered physiological saline containing 0.15 mol L -1 NaCl and 0.01 mol L -1 NaH 2 PO 4 /Na 2 HPO 4 (pH 7.4) ( Table 1) . Comparison of the selectivity 12 coefficients of the electrodes made using 4 and 5 revealed differences in the response characteristics in more detail as shown in Fig. 5 . The electrode made from 5, which showed the highest sensitivity to mexiletine in phosphate-buffered physiological saline, had a more suppressed response to H + and alkali metal cations including Na + than that made from 4. However, the electrode made from 5 induced a stronger response to lipophilic quaternary ammonium ions, such as (C 3 H 7 ) 4 N + and bretylium, as well as quinidine than the electrode based on 4. This result was consistent with the fact that the presence of a sulfur atom generally enhances the response to lipophilic organic ammonium ions [8, 28, 29] .
Mexiletine is also lipophilic among primary ammonium ions, and thus the electrode made using 5 had a strengthened response to mexiletine. Although this electrode suffered a large degree of interference from quinidine, it still showed much less interference from various other antiarrhythmic drugs than that made of NPOE reported previously [10] . Hence, we conclude that S,S,S-tris(2-ethylhexyl) phosphorotrithioate (5) produced a sensitive response to mexiletine for the following reasons: (a) the specific interaction of the negatively polarized oxygen atom in the P=O group in 5 with the NH 3 + group of mexiletine and (b) the presence of the sulfur atom of 5 enhancing the recognition of lipophilic mexiletine.
We examined the pH-dependence to determine the effective pH range for the electrodes based on 4 and 5. The pH of the solution was adjusted by adding an appropriate amount of dilute hydrochloric acid or sodium hydroxide solution.
The measurements were performed in the presence of 0.15 mol L -1 NaCl. As shown in Fig. 6 , it was clear that the electrode made using 4 suffered a greater 13 degree of interference with the response to mexiletine in the acidic pH range.
Thus, S,S,S-tris(2-ethylhexyl) phosphorotrithioate (5) was a better solvent mediator than 4 in terms of pH insensitivity. Decreases in potential above pH 9, observed for both electrodes, were attributable to an increase in the concentration of unprotonated amine, as the pK a of mexiletine has been reported to be 9.15 [30] . The response time (90% of the final signal) of the electrode using 5 was below 10 s when the concentration of mexiletine hydrochloride was changed from 5×10 -6 to 1×10 -5 mol L -1 .
Application of the electrode to clinical analysis
We are particularly interested in the application of the electrode to drug monitoring in body fluids. The clinical range of mexiletine in serum required for antiarrhythmic therapy was 0.7-2 mg L -1 (4×10 -6 -1.1×10 -5 mol L -1 ) [9] . However, this concentration was near to the detection limit measured in phosphate-buffered physiological saline and the sensitivity of the present electrode was insufficient to determine mexiletine levels in serum samples.
Recently, increased attention has been paid to the use of saliva samples in place of blood samples for therapeutic drug monitoring in view of the advantage of noninvasive sample collection procedures [22, 23, [31] [32] [33] [34] . Mexiletine concentrations were reported to be significantly higher in saliva than in serum (by the factor of 3-8) [22, 23] . Thus, the therapeutic concentration range becomes higher in saliva samples, exceeding 1×10 -5 mol L -1 , and much easier monitoring of this drug by the present electrode was expected. We measured a calibration 14 graph of mexiletine in saliva and compared it with that in phosphate-buffered physiological saline. As shown in Fig. 7 , similar calibration graphs were obtained for saliva and the physiological saline. This is because saliva also contained high concentrations of inorganic ions such as Na + and K + at levels of 0.01-0.02 mol L -1 and a neutral pH of around 6.8-7.2 [22, 32] , similar to the situation in the physiological saline. The slope and the detection limit in saliva were 58.1 mV As already mentioned by others, the use of an ion-selective electrode has inherent advantages over various other analytical methods, because it requires no special sample pretreatment, the analysis time is shorter, and the necessary equipment is inexpensive. This method will provide a new means of estimating mexiletine levels in saliva samples. 15 
Conclusions
We demonstrated that S,S,S-tris(2-ethylhexyl) phosphorotrithioate is a new solvent mediator, especially useful for constructing a mexiletine-sensitive membrane electrode. This new electrode afforded the best detection limit under physiological conditions of any mexiletine electrode developed to date [10, 13, 14] .
Using the electrode, we measured therapeutic mexiletine levels in saliva. 
